ABSTRACT AIM: To evaluate the effect of esculin, a plant coumarin glucoside, on free radicals and against epirubicin-induced toxicity on bone marrow cells. MATERIALS AND METHODS: Antioxidant activity was assessed by a luminol-dependent chemiluminescence method or NBT test in a xanthine-xanthine oxidase system, and two irondependent lipid peroxidation systems. In vivo experiments were carried out in epirubicintreated mice, alone or in a combination with esculin. Genotoxicity of the anthracycline drug was assessed by cytogenetic analysis and an autoradiographic assay. RESULTS: Esculin inactivated superoxide anion radicals in both systems we used. It exerted SOD-mimetic effect and reduced the level of superoxide radicals generated in a xanthinexanthine oxidase system by 30%. Esculin also showed an antioxidant effect in a model of Fe 2+ -induced lipid peroxidation. Cytogenetic analysis showed that epirubicin had a marked infl uence on the structure of metaphase chromosomes of normal bone marrow cells. Inclusion of esculin in the treatment protocol failed to ameliorate the epirubicin-induced antiproliferative effects and genotoxicity in bone marrow cells. CONCLUSION: In this study the ability of the coumarin glucoside esculin to scavenge superoxide radicals and to decrease Fe-induced lipid peroxidation was documented. However, despite the registered antioxidant effects the tested compound failed to exert cytoprotection in models of anthracycline-induced genotoxicity in bone marrow cells. The results of this study warrant for more precise further evaluation of esculin, employing different test systems and end-points and a wider range of doses to more precisely appraise its potential role as a chemoprotective/resque agent.
INTRODUCTION
Today, polyphenols occupy a unique place in science as a class of bioactive natural products abundant in plant-derived foods, medicinal plants, and in formulations of marketed cosmetic, parapharmaceutical and pharmaceutical products. In general, they exert different biological effects including antibacterial 1 , anticoagulating, antiviral and cytostatic 2 , anticancerogenic 3 and antioxidant 4 effects. At the molecular level it has been well appreciated that polyphenols can play pivotal role in maintaining genomic stability of the organism and modulate the apoptotic signaling pathways. 5, 6 A great body of scientifi c evidence has been gathered to demonstrate that the natural plant-derived hydroxycoumarin esculin (named after Aesculus hippocastanum, i.e. horse chestnut) has a plethora of biological activities, such as antibacterial, antiinfl ammatory, antihistaminic effects, vitamin P-like, and anti-carcinogenic effects, among others. Both esculin and the saponin aescin are used in a wide range of alternative and complimentary medicine as well as in evidence based phytotherapy. Esculin is used to modulate blood viscosity, thus improving its rheological properties and hemodynamics. Used in conjunction with aescin which decreases vascular permeability esculin is used to treat varicose veins and haemorrhoids. Albeit chemically diverse the polyphenols share the distinction of having prominent antioxidant, free-radical scavenging and heavy metal chelating properties due to the abundance of densely substituted hydroxyl functions. As a result of intermolecular electron delocalization, they act as H • donors, thus stabilizing the phenoxy radicals. 7, 8 A large number of research articles have shown that different plant polyphenols are able to ameliorate anticancer drug toxicities, without compromising the chemotherapeutic effi cacy. For instance the fl avonoid quercetin has been reported to increase the antitumor effect of doxorubicin in human breast cancer cells and to selectively reduce doxorubicininduced damage in non-tumor cells. [9] [10] [11] Besides the extensively investigated fl avonoids in this direction, research on the relationships between chemical structure and antioxidant activity of these compounds, as well as their synergistic/antagonistic effects, is still required. In recent years besides fl avonoids cytoprotective effects have been documented for a variety of other classes of plant polyphenols, such as substituted benzophenones, xanthones, and different phloroglucinol derivatives. 12, 13 Moreover, a number of natural coumarin polyphenols, such as esculin and esculetin or their derivatives, have been shown to modulate the cytotoxicity and may be considered as possible chemoprotective agents. [14] [15] [16] As a continuation of our early preceding studies in the fi eld of cellular protection against chemotherapy-induced damages, we sought to investigate the effects of esculin (isolated from Aesculus hippocastanum, L.) on the formation of free oxygen radicals and its cytoprotective properties in a model of epirubicin-induced genotoxicity.
MATERIAL AND METHODS

TEST COMPOUNDS
Еsculin (esculine extra pure MERCK -DAB, Ph Franc. IX -М 367.31 g/mоl) and epirubicin (Farmorubicin -fl . 50 mg) used as substances for investigation ( Fig. 1) 
REGISTRATION OF TBARS INDUCED BY FE 2+
The thiobarbituric acid reactive substances (TBARS) of lipid peroxidation was measured in liposomal suspension obtained from phospholipids of egg yolk extracted according to Folch et al. 17 Each sample was prepared in PBS: 1 mg lipid/ml and diluted substances or a buffer for the controls. After addition of 0.1 mmol/l FeCl 2 samples was incubated at 37 °C for 30 min. The 0.5 ml of 2.8% trichloroacetic acid and 0.5 ml of 0.5% TBA were added. The solution was heated at 100 °C for 20 min. The absorption was measured at 532 nm.
CL REGISTRATION OF SUPEROXIDE ANION RADICALS
For ROS registration luminol-dependent chemiluminescence (CL) was used. 18 Superoxide and hydroxyl radical registration was performed by LKB 1251 luminometer (Bioorbit, Turku, Finland) and MultiUse program ver. 1.08 (Bioorbit, Turku, Finland) was used to collect the data. The ratio of CL in the presence and in the absence of the drug was termed CL scavenging index (CL-SI).
The superoxide anion radical (O 2 ·-) was generated in a xanthine-xanthine oxidase system (Sigma). Each sample containing 0.1 mmol/L luminol, 1 mmol/L xanthine and either of tested benzophenone or a buffer for the controls was incubated for 10 min at 37 °C. After, xanthine oxidase (100 IU/l in PBS) was added and the CL signal was measured for 5 min.
REGISTRATION OF SUPEROXIDE ANION RADICALS BY NBT
TEST
Each sample contained 0.04 mmol nitro blue tetrazolium (NBT), 1 mmol/L xanthine, 100 IU/l xanthine oxidase and either of tested esculin, or a buffer for the controls all in PBS. The samples were incubated at 37 °C and absorbance was measured at 560 nm using Shimadzu UV-260 spectrometer. Incubation time was selected in such way that the absorbance for the control was 0.2. The concentration that provides 50% decreasing of radicals was termed IC 50 . The IC 50 values were calculated, using the following equation:
The data processing included fi tting of the experimental results to sigmoid dose-response curves, whereby B is the coeffi cient (hill slope) and C is the substance concentration. 20 The formula was used to calculate IC 50 for data obtained by all experiments.
We calculated antioxidant activity (AOA) for all photometric systems by formula:
SCHEDULE, CYTOGENETIC ANALYSIS, AND AUTORADIOGRAPHY
Adult male hybrid mice BDF1 weighing approximately 20 g were used in the experiments. Animals were kept at standard conditions, having free access to food and water and 12 h alternating light/dark cycles. Each experimental group (treated and control) contained at least 5 mice. The internationally approved principles of the European Convention for Laboratory Animal Welfare were strictly followed (Helsinki, 1975, article 101, paragraph 5) In order to fi nd whether the tested esculin exhibits protective effect against genotoxicity of the anthracycline antibiotic, we injected the mice i.p. with 5 mg/kg epirubicin in two consecutive days. Simultaneously the mice were injected s.c. with esculin at a dose of 20 mg/kg of body weight. Twenty-four hours after treatment, the experimental animals were injected (i.p.) with colchicine solution at a dose of 4 mg/kg one hour before isolation of the bone marrow cells. Bone marrow cells were fl ushed from the femur and hypotonized in a KCl (0.75 N) solution at room temperature for 24 minutes. Thereafter, the cells were fi xed in a methanol acetic acid 3:1 solution, dropped on slides and air dried. To examine the chromosomal aberrations slides were stained with 5% Giemsa reagent. At least 250 metaphase plates were analyzed from each experimental group. The chromosomal breaks (chromatid-chromosomal type) and the chromatid translocations were recorded.
The autoradiografi c studies were carried using a standard method. 20 For this purpose 3 H thymidine (Chemapol) was injected at 24 h after treatment at a concentration of 0.5 μCi/g body weight.
STATISTICS All experiments were repeated at least fi ve times. Results were presented as mean ± SD.
The results from biophysical and animal experimental studies were analyzed using the Student's t-test using Microsoft EXCEL and OriginPlot software for PC. Treatment effi cacy was considered statistically signifi cant at p < 0.05. Fig. 2 summarizes the results obtained studying the effects of esculin on lipid peroxidation (LP) in a liposomal suspension. LP was generated using either non-chelated Fe 2+ or Fe 2+ -EDTA. It has been shown that when LP is generated by Fe 2+ -EDTA, the application of esculin at concentrations ranging from 1 to 100 μmol/L was not associated with statistically signifi cant changes in the lipid peroxidation intensity, as compared with the untreated control values. In a dissimilar fashion, when LP was initiated using free, non-chelated ferrous ions (FeCl 2 ) esculin caused a signifi cant decrease in TBARS generation, in a concentration-dependent manner. At 100 μmol/L the decrease in TBARS formation was ca. 40%, and it promptly declined at the lower levels of the phytochemical. The juxtaposition of the fi ndings from the two alternative experimental setups unambiguously indicates that esculin decreases LP-initiated by free non-coordinated Fe 2+ , but it is devoid of such activities when the LP-inducer is Fe 2+ -EDTA. These data suggest that most probably The xanthine xanthine oxydase system generates superoxide radicals via a physiologically relevant mechanism. We have employed this test-system in order to assess the ability of esculin to scavenge superoxide radicals. The quantity of superoxide was detected using two alternative read-out systems, namely luminol-dependent chemiluminescence and NBT-assay. The chemiluminescence method allows not only to assess the overall effect of esculin but, in addition, to monitor the superoxide radical formation in time. We have established a moderate radical scavenging effects using both detection protocols. At the highest concentration employed 100 μmol esculin decreased the free radical content by 30%, whereas at 10 μmol/L the established reduction was approximately 15%. At the lowest concentration of 1 μmol the values were very close to those in the untreated control samples.
RESULTS
ANTIOXIDANT AND ANTIRADICAL EFFECTS OF ESCULIN
Since we encountered similar results with both alternative detection systems it could be concluded that the observed decrease in the chemiluminescence signal is neither due to a quenching effect, nor a results of chemical interactions between esculin and the intermediate products generated during the NBT reduction to formazan.
Using extrapolation and non-linear regression, as described in the Materials and Methods Section, we have calculated the C-50 values for the three methods, namely: CL measurement of О 
CYTOGENETIC ANALYSIS
To further evaluate the possibility of esculin to realize protection against epirubicin-induced toxicity, we conducted animal experiments and defi ned the incidence of chromosomal aberrations in bone marrow cells after treatment with epirubicin alone and in combination with esculin (Table 1) . Epirubicin has complex pharmaco-and toxicodynamics properties describing it as an inhibitor of topoisomerase II, has a pro-oxidant profi le as it induces the production of radical species. The data show that the anthracyclin antibiotic have a marked effect on the structure of metaphase chromosomes of normal bone marrow cells. After treating mice with a toleration dose of 5 mg/kg epirubicin in 21% of the analyzed metaphase plates aberrations in the chromosomes are obtained.
Here a wide spectrum of qualitative differences is observed -except various type of fusions, chromatid and isochromatid gaps, deletions and fragmentation of the chromosome structure are recorded. The deletions and fragmentation (5.6% and 6.4% respectively) are observed in many cases. Approximately the same amount (5.2%) of centromeric-centromeric fusions, described as Robertson's translocations, were available. On the slides of bone marrow cells metaphase plates with strong damaged chromosomes were obtained (many breaks and fragments). In all cases there is a signifi cant difference from the small aberration in health control animals (0.6%). Despite simultaneously applying esculin and epirubicin, for this combination the aberrant mitosis were 24.44% with similar distribution of 
EFFECT ON DNA SYNTHESIS AND PROLIFERATIVE ACTIVITY OF THE BONE MARROW CELLS
The thymidine and mitotic indices recorded in the bone marrow cells of treated and control animals are presented in Table 2 . We observed a moderate inhibition of DNA-synthesizing activity of the bone marrow cells in animals treated with 5 mg/kg epirubicin (the thymidine index is 13.61%). Also, low mitotic activity is evaluated in the cells of animals treated with epirubicin -8.13% mitotic index with value of the control 21.69%. Similar results were obtained in the group of animals receiving a combination treatment with epirubicin and esculin. Although combined treatment was associated with less prominent inhibition of DNA synthesis (MI -10.65%), the differences between the two treatment protocols regarding DNA synthesis and thymidine indices were statistically insignifi cant. This data show that anthracycline antibiotic in a toleration dose of 5 mg/kg exerts antiproliferative effect and moderately inhibits DNA synthesis.
Its adverse effects on bone marrow cells are not modulated by esculin co-administration. These fi ndings show that at least in the chosen test system the plant coumarin failed to exert cytoprotection against epirubicin-induced haemopoietic toxicity.
DISCUSSION
Plants have played a signifi cant role in maintaining human health for thousands of years, and a wide variety of active phytochemicals in different herbs have been identifi ed. The effects of polyphenolic compounds have been investigated extensively in different aspects, but as yet there is no conception as to its use as cell-protective agents in the fi eld of antitumor chemotherapy. This study aims to evaluate plant hydroxicoumarin esculin as natural antioxidant and to provide a better understanding of the possibility of that molecule to realize a cell-protective effect against epirubicin-induced cytotoxicity.
Many studies have shown that oxidative stress generated by chemotherapeutic drugs plays a key role in toxic effects on normal tissues. [21] [22] [23] In this sense anthracycline antibiotics, fi rst-line chemotherapeutics, are associated with serious non-tumor tissue damages. Production of reactive oxygen species is often implicated in mechanisms of their toxicity. 24 The free radical mediated damage is strongly suggested due to a redox cycling of quinone moiety of the chemical structure of the anthracyclines to unstable semiquinone, in the presence of iron ions. The redox cycle yields superoxide reactive oxygen species and is largely considered among the main pathogenetic mechanisms of anthracycline-induced cumulative cardiotoxicity. 25 It is well known that anthracycline antibiotics display a dose dependent effect on rapidly proliferating tissues. These compounds have their greatest activity in the S-period of the cell cycle and the inhibiting effect of the epirubicin is a result from the direct action on the DNA-synthetic activity of the cells after the wellknown mechanism for the antitumor anthracycline products.
Tumor-modulating effects of plant coumarins have been studied in different aspects -as anti-carcinogenesis agents or antioxidants, or cell-protective agents. It is observed that the protective mechanisms include inhibition of prooxidant carcinogenesis by peroxisome proliferators, anti-promotion effects, and stimulation of the activity of detoxifying enzymes. 14 T Kaneco et al. conclude that the presence of an ortho-catechol moiety in the coumarin structure plays an important role in the protective activity against linoleic acid hydroperoxid-induced cytotoxicity. 26 In our study we have evaluated the antioxidant activity of hydroxycoumarin glycoside esculin (found in the bark of Aesculus spp.) in relation of its cellprotective effects under conditions of drug-induced genotoxicity. Our biophysical experimental data show that esculin exerts antioxidant and radical scavenging activity. These data confi rm the observations for antioxidant effect of esculin, and defi ne the present of superoxide scavenging (SOD-mimetic) activity. These observations prompted us to investigate its cell-protective effects in a model of epirubicininduced toxicity, related to the mechanistic aspects of the damaging effects of anthracyclines in health tissues. In our hands, however, despite its profound antioxidant effects esculin failed to exert cellular protection against the genotoxicity of epirubicin. It is known that esculin hydrolysis releases glucose, providing a growth substrate for anaerobes. 1 Experimental data has shown that only esculetin (a less polar metabolite of esculin) and 4-methylesculetin have a cell-protective effect in cultured human umbilical vein endothelial cells against linoleic acid hydroperoxide-induced cytotoxicity. 24 Probably the sugar moiety in the esculin molecule hampers its ability to enter cells and exert its antioxidant/ protective effects inside cells as it is well known that the pharmacological and toxicological targets of anthracyclines are intracellular. It is possible to think that the derivatization of esculin molecule by some metals can aid to improve its cell-protective action as it was obtained earlier for silver esculin complex in relation to cardio-protection. 16 Our data show that no distinct correlation between antioxidant and cell-protective effects of the compounds could be defi ned. In this sense the development of new approach for characterizing of cytoprotective effects of the new antioxidant polyphenolic molecules (as fl avonoids, benzophenones, and other phytochemical compounds) for the needs of antitumor chemotherapy must be strictly based on experimental set-ups employing both tumor and non-tumor cells, and in addition it seems that implementation of in vivo models of cytostatic-induced toxicity is mandatory for such drug discovery programs.
CONCLUSIONS
Esculins, the coumarin glucosides, have a moderate antioxidant activity and SOD-mimetic activity against superoxide radicals. Yet they don't have the potential to improve anthracyclin-induced changes of bone marrow cells associated with chromosomal aberrations. The model of evaluating the antioxidant properties of the compounds together with in vivo provided assay of important structures of the cells gives more precise information about the possibilities of using them in the fi eld of cell-protective therapy.
